Extracellular endo-( l-+3)-a-glucanase (EC 3.2.1 .59) was optimally induced in Bacillus circulans WL-12 when grown in a mineral medium containing intact cells of Schizosaccharoiiiyces poinbe or extensively purified (1 -+3)-a-glucan as the carbon source. The enzyme activity was separated from most other proteins, including the P-glucanases, by affinity adsorption of the enzyme on water-insoluble colloidal (1-+3)-a-glucan. The enzyme was released by allowing it to hydrolyse this substrate and purified further by DEAE-agarose chromatography and polyacrylamide P-150 gel filtration. Passage over DEAE-agarose apparently also separated a minor, (1 +3)-a-glucanase component. The principal (1-+3)-aglucanase was specific for the (1-+3)-m-glucosidic bond and hydrolysed (l+3)-a-glucan endolytically to a mixture of nigerose and glucose with a transient accumulation of nigerotetraose. The reaction proceeded at a constantly declining rate with either colloidal (1+3)-a-glucan or with the soluble carboxymethyl-( 1+3)-a-glucan as substrate. Nigeran, containing alternating (1+3)-cc-and (1+4)-a-linkages, was not hydrolysed. Substrate dependence showed Michaelis-Menten kinetics. There was a pH optimum of 7.5 to 8-5 with a pronounced shoulder at pH 5 to 7. The molecular weight was estimated by slab gel electrophoresis in sodium dodecyl sulphate to be 134000. The enzyme did not appear to require divalent metal ions because its activity was stimulated by EDTA. There was evidence for essential thiol groups. Carbohydrate was not detected in the enzyme.
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60% of the original (l-+3)-a-glucanase activity had been adsorbed in the initial application, 83:; by the second step, and 91 % after the third step.
The three glucan pellets were combined and diluted with 50 mM-sodium succinate buffer, pH 6-0, to approximately 40% of the original culture fluid volume. The buffer contained 0.01 % sodium azide. This relatively high dilution of the pellet was used to minimize possible substrate inhibition during glucan digestion. The enzyme-glucan complex (40 mi) was dialysed at 30 "C against 200 ml of the same buffer. The digestion required 8 d with five changes of the buffer-oligosaccharide solution. When the ambient buffer no longer contained a significant concentration of reducing sugars, the enzyme solution was centrifuged to remove the small amount of insoluble material.
Gel electrophoresis. Discontinuous polyacrylamide gel electrophoresis by the thin slab technique (Ames, 1974) was used with the buffer system of Laemmli (1970) . Molecular weights were estimated by the use of sodium dodecyl sulphate (SDS, 0-01 ~)-polyacrylamide (8 76) gels according to the procedure of Weber & Osborn (1969) . Protein standards were bovine serum albumin (rnol. wt 68000; Sigma), phosphorylase-a (mol. wt 94000; Boehringer), P-galactosidase (rnol. wt 130000; Worthington) and Escherichia coli RNA polymerase (p' sub-unit, mol. wt 165000; kindly provided by Dr R. H. Doi, University of California, Davis, U.S.A.). Protein (1 to 2 pg, not exceeding 30 pl in volume) was applied to each gel well, and a current was maintained for 2-5 to 3 h at 15 mA per slab. Protein bands within the slabs were detected by Coomassie Brilliant Blue (R-250) (Fairbanks et a/., 1971) . Enzymic activity was detected in gels run with the same buffer system except that SDS, 2-mercaptoethanol and heating were omitted. During protein migration, the gel slabs were continually cooled by water (24 "C) on one side. At the conclusion of migration, adjacent triplicate samples were separated by slicing parallel to the direction of protein migration. The centre strip was stained for protein and the adjacent strips were used for glucanase determinations with CM-(I -+3)-a-glucan (5 mg ml-1 in 60 mM-sodium succinate buffer, pH 6.0) as substrate. CeIs were scanned at 600 nm with a Gilford gel scanning device.
Enzyme storage. Enzyme solutions, containing 0.01 % sodium azide as an antimicrobial agent, were stored at 4 "C.
RESULTS

Induction o f (1 +3)-a-glucanase
Selection of the best inducer substrate. When B. circulans WL-12 is grown on cell walls or on isolated wall glucan of Sacchavomyces cerevisiae, only P-glucanases are synthesized (Fleet & Phaff, 1973) . Several substrates containing (1+3)-a-glucan were investigated for their ability to induce (1+3)-a-glucanase in B. circulans WL-12. The highest activities were obtained with whole cells of Scl~izosaccharomyces pombe or with purified (1+3)-aglucan from Aspergillus niger. With these substrates P-glucanases were synthesized at low levels when peak activities of (1+3)-oc-gIucanase were reached (usually after about 36 h growth). Impure (1+3)-a-glucan (extracted from Sch. pombe) or Sch. pombe cell walls gave significantly lower yields of (I+3)-a-glucanases and higher activities of P-glucanases. Purified (1+3)-a-glucan from A . niger was superior as inducer substrate and a concentration of 0.25% (w/v) produced the highest activity [0-31 unit ml-l; 2.6 units (mg protein)-l using CM-( 1+3)-a-glucan a t pH 6.0 as the assay substrate]. (1-+3)-a-Glucanase excretion into the culture fluid took place primarily during the second half of the exponential growth phase and stopped abruptly with the beginning of the stationary phase (Fig. 1) .
Factors affecting the activity of the crude enzyme (1-+3)-a-Glucanase activity as a function ofpH. The pH value for optimal activity with a 36 h culture fluid grown on 0.25 yo (w/v) of purified (1+3)-a-glucan showed highest activity between pH 7 and 9 with a sloping shoulder of activity between pH 5 and 7. The activities were assayed with CM-( 1+3)-a-glucan in 75 mM-Tris/sodium succinate buffers, pH 3-7 to 9-8.
Salt concentrations for optimal activity determinations. Preliminary as:ays of (1 +3)-aglucanase activity by varying the sodium succinate buffer at pH 6-0 indicated that a final concentration of at least 75 mM was required before maximum activity was achieved. The presence of EDTA with the CM-substrate further enhanced the activity by about 10% or more, depending on the enzyme sample used. Purification of (1+3)-cc-glucanase Production and concentration of culture filtrate. Bacillus circulans WL-12 was grown on YNB medium containing 0-25 yo (w/v) of purified (1+3)-a-glucan as described in Methods.
After 36 h growth, the culture filtrate was harvested by centrifugation and dialysed against distilled deionized water at 4 "C for 48 h. N o loss in enzyme activity was experienced under these conditions. Concentration of the dialysed culture filtrate by lyophilization usually resulted in a 60 y/o loss in activity. The most effective method of selective concentration involved affinity adsorption of the (1+3)-a-glucanase activity on insoluble (1+3)-a-glucan (see Methods). Assays of the recovered enzyme solution, after digestion of the glucan pellet, indicated that virtually all of the (1+3)-p-and (1+6)-P-glucanase activities had bzen eliminated, although approximately 2-5 yo of the lytic activity on baker's yzast cell walls remained associated with the ( 1+3)-~-glucanase. The affinity purification step resulted in a four-to fivefold increase in specific activity (Table 1) .
Chromatography on a column of DEAE-agarose gave a psak which contained (1+3)-aglucanase activity and eluted sharply at 0.06 M-NaCl (Fig. 2) . The use of the agarose matrix was superior to cellulose because the latter caused a small tailing effect. Active fractions (29 to 34) were combined.
In addition to the (1+3)-a-glucanase (designated I) derived during the salt elution from the DEAE-agarose, a minor (1+3)-a-glucanase (designated 11) passed through the column with the solute during the initial loading. The residual lytic /I-glucanase activity was associated with the (1+3)-a-glucanase 11.
A 3 ml sample of the enzyme concentrated by ultrafiltration was applied to a Bio Gel P-150 column. Sephadex G-100 was unsuitable because of a considerable affinity of the enzyme for its matrix. Ths glucanase I was eluted as a single peak ( Fig. 3) with an exclusion volume of 119 ml. Because the activity eluate was near the void volume (104 ml), the void volume samples could have overlapped with enzyme fractions. Consequently, another concentrated sample (2 ml) was applied to a Bio Gel A-0.5 m column. The specific activities of the active fractions (60 to 76; exclusion volume 164 ml) did not differ significantly from After affinity adsorption and auto-digestion, the enzyme was dialysed for 24 h against 5 mMsodium phosphate buffer at pH 6.5 and applied to a column (15 x 1.3 cm) of DEAE-agarose equilibrated with the same buffer. (1+3)-a-Glucanase activity (a); protein (0); NaCl concentration (---) .
Fig. 3. Bio Gel P-150 gel filtration of (l-+3)-x-glucanase I from Bacillus circulans WL-12 after chromatography on DEAE-agarose and concentration by ultrafiltration. The protein sample (3 ml) was applied to the column and eluted as described in Methods. Protein ((3); (1+3)-aglucanase I activity (a).
those obtained by polyacrylamide filtration. Active fractions (22 to 29) from the polyacrylamide column were combined. The enzyme solution contained no detectable carbohydrate. Table I summarizes the purification procedure of (I+3)-a-glucanase I using the assay substrates at pH 8.3. The purification monitored at pH 6.0 gave similar results except for a':slightly greater apparent extent of purification and yield. The yield of (1+3)-a-glucanase I was actually greater than Table 1 indicates since (1+3)-a-glucanase I1 was also present in the dialysed culture filtrate (total activity taken as lOOo/).
Properties of (1 -+3)-a-glucanase I Substrate specificity. Purified (1+3)-a-glucanase I had activity only against insoluble (1+3)-a-glucan or CM-( 1+3)-a-glucan. Nigeran [containing alternating (1+3)-a-and (1+4)-a-linkages], laminarin, pustulan, chitin, S. cerevisiae cell walls, mannan, phosphomannan, amylose, cellosaccharides, isomaltosaccharides, p-nitrophenyl-a-D-glucopyranoside, gentiobiose, p-nitrophenyl phosphate, Azocoll, trehalose and sucrose were not substrates.
Pattern of action. After 30 min and 3 h hydrolysis, the prominent oligosaccharide was
(1 -+3)-a-Glucanases from Bacillus circulans 203 t Eluate from DEAE-agarose was concentrated by ultrafiltration and divided into two portions, each applied separately in the step. One application presented here with P-150, represented 55 7; of that activity.
nigerotetraose followed by glucose, nigerose and traces of nigerotriose, -pentaose, and -hexaose. After 8 h, nigerotetraose and nigerose showed chromatographic spots of equal intensity, with glucose slightly less pronounced. Nigerotriose and the other larger oligosaccharides were still present at very low concentrations. The final sample at 72 h contained a greatly increased concentration of nigerose, followed by glucose and finally nigerotriose and -tetraose, in approximately equivalent spot intensity. The weak spots representing higher oligosaccharides (nigeropentaose and larger) did not appear to change much in intensity throughout the hydrolysis.
Stabilitji and heat denaturation. The purified enzyme was stable for at least 2 years at 4 "C and pH 6 in 50 mM-sodium succinate containing 0.01 yo sodium azide. The enzyme was stable for a t least 1.5 h at p H 5.25 to 10.5 at 30 "C. Approximately 50% of the activity was lost after less than 10 min at p H 3.8 or after 30 min at pH 4.2. Appreciable losses in activity occurred during freezing at -15 "C. Heating of the enzyme (in 5 mM-sodium phosphate buffer, pH 6.5) for 90 min at 40 "C resulted in 5 % loss in activity; 90 min a t 45 "C caused 25 inactivation; and 20 min at 50 "C resulted in nearly complete inactivation.
The initial rates of hydrolysis of the colloidal substrate at pH 6.0 were determined at several temperatures by constructing tangents to the initial slopes of the curves showing sugar reducing-equivalents produced as a function of time. Plotting the logarithm of the specific rates against the reciprocal of the absolute temperature gave a straight line from which the activation energy was calculated to be 73 kJ mol-l.
Electrophoretic studies. The molecular weight of the purified (1+3)-sc-glucanase I was estimated by discontinuous polyacrylamide gel electrophoresis in SDS to be 134000 (standard deviation 100; three runs). When the protein concentration was near the useful maximum capacity of the gel (2 pg per sample well), a very faint protein band appeared with a relative mobility slightly greater (0-32) than that of the major band (0.28). Repeated freezing and thawing of the protein prior to electrophoresis increased the intensity and number of minor bands in the same area of the gel.
The purified enzyme migrated towards the anode during discontinuous polyacrylamide gel electrophoresis in Tris/HCl buffer (initial p H 8.8) without SDS. Only one protein band 204 Fig. 4 . Time course of (l-t3)-cc-glucan hydrolysis. Portions of the purified enzyme were incubated with substrate in 75 mM-sodium succinate buffer, pH 6.0, at 30 "C. Samples of the reaction mixtures were withdrawn at intervals and the reducing sugars were determined as described in Methods. Reducing sugars produced with soluble CM-(1-+3)-a-glucan (3.5 mg ml-l, enzyme protein 0.013 mg ml-l) ( 0 ) or with colloidal (1-+3)-a-glucan (5 mg nil-l, enzyme protein about 0.053 mg ml-l) (A). was evident when the gels were scanned at 600 nm; its mobility coincided with the band of activity detected by the reducing sugar assay of the enzyme released from the sectioned gel. Kinetic properties. Reducing sugar equivalents during the hydrolysis of the CM-( 1+3)-ccand colloidal (1+3)-a-glucans with the purified enzyme were not released linearly (Fig. 4) . When the reaction data with the two substrates were applied to a first-order reaction equation, the curves were still non-linear, demonstrating that the non-linearity was not solely due to non-saturation of the enzyme by substrate.
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The purified enzyme preparation in 75 m~-Tris/75 mM-sodium succinate buffers had a broad pH optimum of 7.5 to 8.5 with both the colloidal and CM-(l-+3)-a-glucans as substrates, but the profiles were not symmetrical. The enzyme, with both substrates, exhibited a distinct shoulder of activity at pH values between 5 and 7 (about 70 yo and 85 :6 of optimal activity, respectively), suggesting the possible presence of two (1-+3)-a-glucanases. However, the rates of heat inactivation (e.g. at 48 "C) when the activity was followed at two pH values (6.0 and 8.3) with respect to time were identical with both assay substrates.
The kinetic constants Vmax and Km were determined by following initial reaction velocities at pH 6.0 and 7.7 as a function of substrate concentration with both the colloidal and CM-( 1-+3)-cc-glucans (Table 2 ). The enzyme conforms to Michaelis-Menten kinetics as indicated by the ratio of 81 for substrate concentrations required for 90% and 10% of Vmax (Koshland et al., 1966) and by the slope of 1 when the data were plotted according to the Hill equation (Whitaker, 1972) . While substrate inhibition could not be detected with the colloidal substrate, it was evident with the carboxymethyl substrate when concentrations ( 1 +3)-a-Glucanases from Bacillus circulans 205 exceeded approximately 3 to 3.5 mg ml-l. The insoluble substrate was not used at concentrations greater than 10 mg ml-l because the suspensions became excessively pasty.
Efect of inhibitors. A number of metal ions were tested on (l-+3)-a-glucanase I as explained in Methods : Mg2+, Ca2+, Ba2+, Sr2+ and Co2+ showed no significant inhibition at either concentration or pH; Zn2+, Mn2+ and Cu2+ gave moderate to strong inhibition a t 1 mM but not at 0.01 mM; Hgz+ and Ag+ were strongly inhibitory at 0.01 mM at pH 6.0 and 7-3; 1 mM-Pb2+ was strongly inhibitory at pH 6.0 and 7.3, whereas 0.01 mM-Pb2+ was not inhibitory at pH 6.0 but gave 42% inhibition at pH 7.3. 1,4-Dithiothreitol (4 mM final concentration) completely reversed the inhibition by 0.01 mM-Pb2+ at pH 7.3. Iodoacetamide gave strong inhibition at 10 mM.
Observations on (1+3)-a-glucanase I1 (1+3)-a-Glucanase I1 (cf. Fig. 2 ) could be separated from the lytic P-glucanase(s) by its early elution (at 0.035 M-NaCI) from CM-agarose, but was rather rapidly and irreversibly inactivated at pH 5 used for this chromatographic procedure. The minor enzyme was subjected to discontinuous polyacrylamide gel electrophoresis in SDS after its elution from the CM-agarose. The mobility of the main protein band indicated a molecular weight approximately the same as that determined for the major enzyme. When (1+3)-a-glucanase I1 was mixed with (1-+3)-a-glucanase I their activities at pH 6 or 8 were additive. The instability and small quantities of (1 +3)-a-glucanase I1 available precluded further characterization of this enzyme.
D I S C U S S I O N
Extracellular (1+3)-a-glucanase was induced in Bacillus circulans WL-12 by growth on (1+3)-a-glucan substrates. Maximum activities were obtained in 36 h at 30 "C, which is half the time required for this organism to reach optimal P-glucanase synthesis on P-glucan substrates (Fleet & Phaff, 1973) . The enzyme was released into the culture fluid during the second half of the exponential phase of growth (before any visible evidence of sporulation) and release came to an abrupt halt when the stationary phase was reached (Fig. 1) ; this indicates that enzyme excretion is not connected with cell autolysis or with the sporulation process. The purity of the inducer (l+3)-a-glucan was important since small quantities of /?-glucan led to increased synthesis of P-glucanases at the expense of (l+3)-a-glucanase yield. Purified (1+3)-a-glucan or whole cells of Schizosaccharomyces pombe proved to be superior to cell walls of this yeast as inducers of (1+3)-a-glucanase while producing low levels of P-glucanases. The suitability of whole cells suggests that the (1+3)-a-glucan is located on the exterior of the yeast cell, as previously suggested (Carbonell et al., 1970; Fleet, 1973) . The effect of P-glucan contaminants in the (1+3)-a-glucan substrate became evident when a partially purified (1+3)-a-glucan from Sch. pombe (0.25 yo, w/v) served as inducer. Manners & Meyer (1977) have shown that alkali extraction of cell walls of this yeast yields an alkali-soluble p-glucan in addition to (1-+3)-a-glucan. With this contaminant present, the (1+3)-P-glucanase activity exceeded the (1+3)-a-glucanase activity, decreasing the latter to less than half that obtained with pure (1+3)-a-glucan. The simultaneous synthesis of (1+3)-P-glucanases has also been noted in the other organisms that produced (1+3)-a-glucanases during growth on (1+3)-a-glucans; however, the effects of possible /?-glucan contaminants on (1-+3)-a-glucanase yields were not analysed in these cases (Guggenheim & Haller, 1972; Imai et al., 1977a, b) . In our study (1-+3)$-and (1+6)-Pglucanase activities, determined by reducing group increases, remained very low throughout the growth period of 50 to 60 h on highly purified a-glucan, while the lytic activity on S. cerevisiae cell walls increased steadily and rose sharply toward the end (Fig. 1) . This confirms the observation by Rombouts & Phaff (1976a, b) that there was no correlation between total P-glucanase activity and lytic activity when B. circulans was grown on cell walls of S. cerevisiae. It is noteworthy that in organisms where (l-+3)-a-glucanases are 206
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inducible, the specific activities of the enzymes in the culture fluid were much lower C0.73 unit (mg protein)-1 in Trichoderma viride assayed at 40 "C (Hasegawa et al., 1969) ; 0.6 unit (mg protein)-1 in Streptomyces sp. at 40 "C (Imai et al., 1977a) ; 1.9 units (mg protein)-l in Bacillus circulans WL-12 at 30 "C] than in organisms producing (1+3)-a-glucanases constitutively [5 units (mg protein)-l in Flavobacterium sp. at 37 "C (Ebisu et al., 1975) ; 7.1 units (mg protein)-l in Cladosporium resinae at 50 "C (Walker & Hare, 1977)] even though P-glucanases were also formed by the latter.
A highly stable (1+3)-a-glucanase I was purified approximately sixfold, indicating the relatively pure state of the enzyme in the 36 h culture filtrate of B. circulans. The DEAEagarose purification step resolved a second (1+3)-a-glucanase I1 activity, representing approximately 13 to 15% of the total activity after the (1+3)-a-glucan affinity step. The presence in the culture filtrate of Trichoderma harzianum of two (l+3)-a-glucanases with very similar properties has also been reported by Guggenheim & Haller (1972) .
(1+3)-a-Glucanase I was specific for (1+3)-a-glucan (pseudonigeran) as substrate. This differs from the Trichoderma viride endo-( 1+3)-a-glucanase which has been reported to hydrolyse nigeran [with alternating (1+3)-a-and (l-A)-a-bonds] as well as pseudonigeran (Hasegawa et al., 1969) . The initial products of hydrolysis of (1+3)-a-glucan by (1+3)-aglucanase I were dominated by nigerotetraose, which is atypical during random hydrolysis of a linear polysaccharide by an endo-hydrolase. The initial accumulation of nigerotetraose may mean that polymers or polymer fragments are cleaved preferentially at the fourth (1+3)-a-glucosidic bond from the non-reducing ends of the chains. The tetramer was ultimately hydrolysed further, presumably into two dimers because nigerotriose never represented more than a minor product. Eventually, nigerose and glucose became major endproducts. In endo-hydrolytic reactions where products in turn can serve as substrates, the new substrates most probably possess different kinetic constants. These products possibly serve as inhibitors of the initial reaction. Such factors may be responsible for the non-linear rate of (l+3)-a-glucan hydrolysis by this enzyme (Fig. 4) .
(1+3)-a-Glucanase I has a relatively broad optimum pH (about 7.5 to 8 -5 ) for activity. The asymmetrical profile caused by a pronounced shoulder between pH 5 and 7 suggested a non-homogeneous enzyme preparation ; however, heat inactivation rates and electrophoretic studies indicated a single protein. One possible explanation for such a profile would be a higher solubility of the alkali-soluble (1+3)-a-glucan (e.g. weakening of hydrogen bonding between polymer molecules) at the higher pH values because the extent of the asymmetry was less pronounced with the soluble CM-( l+3)-a-glucan as substrate. The activity at high pH values is interesting in that endo-( 1+3)-a-glucanases studied previously have much lower pH optima (Ebisu et al., 1975; Guggenheim & Haller, 1972; Hasegawa et al., 1969; Imai et al., 19773; Walker & Hare, 1977) . However, retention of activity at higher pH values was reported by Ebisu et al. (I 975) in the case of (1+3)-a-glucanase from a strain of Flavobacterium. An exo-( 1+3)-a-glucanase from Aspergillus nidulans (Zonneveld, 1972) also possessed a lower pH optimum but still exhibited good activity at pH 8.0.
The relatively high Km value (2.1 mg ml-l) obtained with the colloidal (1+3)-.x-glucan may be a reflection of the insoluble nature of the polysaccharide because a much lower value (0.43 mg ml-l) was obtained with the soluble CM-( 1+3)-a-glucan. Other investigators (Hasegawa et al., 1969) also found a high Km for (1+3)-a-glucanase from Trichoderma viride with the insoluble glucan. It is known that (1+3)-a-glucan tends to form aggregates of fibres (Carbonell et al., 1970) and such a property would contribute significantly to high K,, values.
The reversibility of heavy metal ion inhibition of the enzyme by dithiothreitol and the strong inhibition by iodoacetamide suggest the involvement of thiol groups in the active site. The ease of preparation and purification along with the stability of (1-+3)-a-glucanase I should promote this hydrolase as a useful analytical tool in investigations of (1+3)-~-glucan-containing yeast or fungal cell walls.
